To describe the intersession repeatability of contrast sensitivity (CS) measurement using Pelli-Robson charts in patients with age-related macular degeneration. METHODS. Repeatability was calculated from three measurements of CS over a 12-week period using a standardized protocol in 107 nontreated eyes of 107 patients with age-related macular degeneration who were enrolled in an ongoing clinical trial. RESULTS. Data from 91 patients were included in the analysis, with a 95% coefficient of repeatability of 7 letters (0.35 log CS), ranging from 6 letters for 32 eyes with drusen only to 8 letters for patients with late AMD (macular scars or geographic atrophy). Three (3%) of these stable patients had an apparent six or more letter reduction in contrast sensitivity at the week 1 visit compared with baseline. CONCLUSIONS. There is a high intersession test-retest variability of Pelli-Robson CS scores in patients with AMD, with implications for AMD clinical trial design. Although a change criterion of six or more letters may be an adequate end point in clinical trials for patients with early AMD, a larger change criterion may be necessary for clinical trials of patients with late AMD. (Invest Ophthalmol Vis Sci.
I
nvestigators have used a range of functional outcome measures in clinical trials to assess the efficacy of new treatments for age-related macular degeneration (AMD), including the measurement of contrast sensitivity (CS).
1,2 Although highcontrast distance visual acuity is an important outcome measure, several studies have shown that CS measures can provide additional information relating to functional abilities including mobility and orientation. 3, 4 In addition, studies have shown that after adjustment for visual acuity, individuals with better CS scores were three to five times less likely to report difficulty with vision-related tasks. 5 To distinguish clinical change from measurement error at successive patient visits both in clinical trials and clinical practice, it is important to establish the repeatability of the clinical method being used. In patients with neovascular (n)AMD, it is difficult to establish the intersession repeatability of CS measurement, because of disease progression and prompt treatment. However, we can use the untreated fellow eye of patients receiving active therapy for nAMD to assess the intersession repeatability of CS scores in this patient group.
These eyes represent a clinical spectrum of disease ranging from eyes with drusen and good CS to eyes with macular scars and poor CS. Previous studies reporting the repeatability and reproducibility of the Pelli-Robson CS chart have included normal patients 6 -11 and those with low vision 5, 9, 11, 12 (summarized in Table 1 ). In these studies of repeatability and reproducibility, a range of different patient groups and different scoring methods were used for the test and 95% limits of agreement ranging from 0.14 (equivalent to approximately 3 letters) to 0.48 (equivalent to approximately 10 letters) logarithm of CS (log CS) were reported in low-vision patients. In an initial report, Pelli et al.
15 advocated a line-by-line method of scoring, but subsequent investigators have suggested that letter-by-letter scoring achieves better repeatability in view of the reduced test-retest variability with this method of scoring (coefficient of repeatability; CR of 0.20 log CS for letter-byletter scoring compared to 0.45 log CS for line-by-line scoring). 16 To our knowledge, this is the first report of the intersession repeatability of CS measurement in a large cohort of patients with AMD.
METHODS

Subjects
Data from the untreated eye of patients enrolled in the Avastin (bevacizumab) for Choroidal Neovascularization (ABC) Trial (Patel PJ, et al. IOVS 2007; 48 :ARVO E-Abstract 4536) were used in this repeatability study. This ongoing clinical trial is a prospective, double-masked, randomized, controlled trial investigating the safety and efficacy of intravitreous bevacizumab (Avastin; Genentech, Inc., South San Francisco, CA) in the treatment of nAMD. All patients had consented to visual acuity testing, and the research complied with the tenets of the Declaration of Helsinki. In addition, approval for the research had been obtained both from the ABC Trial Steering Committee and the Research Governance Committee of Moorfields Eye Hospital. CS data collected at baseline, week 1, and week 12 visits from a total of 107 eyes of 107 patients were available for analysis. These eyes had a spectrum of disease from drusen to geographic atrophy and macular scars due to nAMD. For analysis purposes, eyes were classified into three AMD subgroups: eyes with early AMD with small to intermediate (Ͻ125 m) drusen only; eyes with early AMD with large drusen (Ͼ125 m with or without pigment changes); and eyes with late AMD (central geographic atrophy or advanced CNV with subfoveal fibrosis not amenable to further treatment). Patients with noncentral geographic atrophy were included in the early AMD large drusen with or without pigment change category. None of these eyes had active, treatable nAMD and clinical examination, fluorescein angiography, and optical coherence tomography (OCT) imaging were used to detect disease progression at each visit.
Patients with disease progression were excluded from analysis, as the assessment of repeatability of measurements taken over 12 weeks assumes no clinical or subclinical change in disease status over this period that would cause true change in CS. Although a reasonable assumption in this cohort, the repeatability of CS was also reported for the baseline and week 1 visits only, to exclude the effect of subclinical disease progression over 12 weeks with a statistical analysis of the difference in mean CS scores between the three visits. Coefficients of repeatability were also calculated for different AMD subtypes. Finally, the number of these stable eyes with AMD showing an apparent change in CS based on the change criteria of six or more letters or nine or more letters was calculated.
Refraction and CS Measurement
All patients were refracted at each visit using a standardized protocol. At the baseline visit, the patient's distance-viewing spectacle prescription was measured with a lensometer, and the result was used as the beginning approximate refraction. If no spectacles for distance vision were worn, retinoscopy or autorefraction was used as a starting point for refraction. Subjective refraction was then performed refining both the spherical and cylindrical components of the refractive error to give the final correction (at 4 m) for both eyes.
After refraction, optometrists accredited for work in clinical trials performed the CS measurement in a standardized protocol using the Pelli-Robson chart (Clement Clarke Inc., Columbus, OH) at a distance of 1 m and chart luminance of 80 to 120 cd/m 2 . The right eye was tested followed by the left eye on charts 1 and 2, respectively, with ϩ0.75 D added to the patient's refraction. The patient was asked to name each letter on the chart, starting with the high-contrast letters on the upper left-hand corner and reading horizontally across the entire line. As low-contrast letters can take some time to appear, the patient was given instructions to keep looking and not give up too soon. The optometrist circled each letter read correctly and crossed out each letter read incorrectly, with letters not attempted left unmarked. The test was stopped when the patient failed to correctly identify two or more letters in a triplet. The letter-by-letter scoring advocated by Elliot et al. 16 was used to score the test, in view of the better repeatability of this method of scoring. Six optometrists accredited for work in clinical trials performed the measurements during the study period and were masked to previous measurements of CS when undertaking measurements.
Statistical Analysis
The mean CS for the entire cohort of patients at each visit was calculated, and any difference between CS scores across the three visits was analyzed by Friedman test, as Kolmogorov-Smirnov statistics showed that the CS scores were not normally distributed (P Ͻ 0.0005). In line with methods outlined by Bland and Altman, 17 the standard deviation of CS measurements for individual patients was calculated and plotted against the mean score for each patient (for all three measurements). The mean intrasubject standard deviation (s w ) was used to calculate the coefficient of repeatability (CR), defined by Bland and Altman 17 as 1.96 ϫ ͌(2s 2 w ) or 2.77s w. The difference between two measurements for the same subject is expected to be less than the coefficient of repeatability for 95% of pairs of observations. The term s 2 w is the within-subject residual mean square in the one-way ANOVA table. This method was used for the entire cohort of patients, with additional values calculated for the three AMD diagnostic categories. To exclude the potential effect of disease progression, revised coefficients of repeatability were calculated for patients for the baseline and week 1 measurements only.
RESULTS
Data from 14 patients were excluded from the analysis because they had CS too poor to assess with the Pelli-Robson chart at 1 m (Ͻ2 letters read correctly at one or more visits) and data from a further 2 patients were excluded because of the presence of CNV. A total of 273 CS measurements from 91 patients were therefore included in the analysis. There were 38 male patients and 53 female patients with 39 left eyes and 52 right eyes. The number of eyes in each AMD category, visual acuity, and mean age of patients are shown in Table 2 . The mean time (ϮSD) in days between the baseline and week 1 visual acuity measurements was 7 (Ϯ3) days. The mean interval between baseline and week 12 visits was 84 (Ϯ9) days. Of the 24 patients with late AMD, 19 had a macular scar due to previous nAMD and 5 had geographic atrophy. The mean CS score of patients at each visit is shown in Table 3 with no significant difference between visits (P ϭ 0.24). The plot of intrasubject SD against mean CS score is shown in Figure 1 , with a modest trend to increased variability for lower CS scores. The plot of intrasubject SD against mean CS score for the data from the baseline and week 1 measurements was similar (not shown). The CR for patients is shown in Table 4 , with measurements from patients with small to intermediate drusen being the most repeatable (CR ϭ 6 letters) and measurements from patients with late AMD the least repeatable (CR ϭ 8 letters). The overall CR for this cohort of patients with stable AMD for all visits was 7 letters (for all three measurements over 12 weeks and 6 letters for the baseline and week 1 visits only). There appears to be increased variability in the CS score ranging between 10 and 25 letters (0.35-1.10 log CS). Table 5 shows the percentage of these patients with stable AMD who were "incorrectly" classified as having improving or decreasing CS when different change criteria were used between the week 1 and baseline visits. In total, seven (8%) of these patients with stable AMD show an apparent change in CS (three decreasing and four improving CS) when the change criterion of 6 letters or more between baseline and week 1 measurements was used. There were 35 (38%) eyes with a less than 3-letter change at both 1 and 12 weeks when compared to the baseline measurement. In 76 (84%) eyes, CS did not change by 6 or more letters at both 1 week and 12 weeks.
DISCUSSION
CS measurement is an important part of the functional assessment of patients with AMD and has been used as an outcome measure in several of the pivotal trials for the treatment of nAMD. Research also suggests that CS can provide valuable information about visual function in addition to visual acuity assessment. 5, 18, 19 It is therefore important to establish the intersession repeatability of CS measurements to distinguish clinical change from measurement variability with longitudinal follow-up of patients, especially in patients with AMD, in view of the extensive research with new pharmacologic therapies in this field.
Several research groups have investigated the repeatability of CS measurement using the Pelli-Robson charts in clinical use in normal subjects and in patients with low vision (see Table 1 for summary) with Bland-Altman 95% CR ranging from 0.14 log CS (3 letters) to 0.18 log CS (ϳ4 letters) in normal subjects and 0.2 (4 letters) to 0.48 (ϳ10 letters) in low-vision patients.
According to data from a previous study, 20 CS in normal subjects may range from 38 to 31 letters (1.9 -1.5 log CS) In addition, scores may be at the lower end of this range in normal elderly subjects. 7, 8, 20 The mean CS score in the early AMD cohort was below this normal range and is consistent with a previous study of CS in patients with drusen. 21 This may reflect the effect of early macular dysfunction on CS.
In a 1998 study, Rubin 10 estimated the repeatability of the Pelli-Robson CS chart in 66 normal subjects and 68 patients by (7) 25 (7) 25 (7) Data are the Mean CS score in letters (SD).
FIGURE 1.
Plot of intrasubject SD against mean CS score for all three visits (n ϭ 91). 
Data are the number (percentage) of clinically stable patients showing apparent CS change at week 1 visit compared to baseline.
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testing individuals twice, usually in the same session. This study reported an excellent test-retest agreement with an intraclass correlation of 0.86 for patients with a range of diagnoses (including glaucoma, age-related maculopathy, and cataract) and an intraclass correlation coefficient of 0.98 for normal individuals.
We report a CR of 7 letters (0.35 log CS) for this cohort of 91 patients with stable AMD with an intraclass correlation of 0.87. CS measurement was most repeatable for the subgroups with early AMD (CR ϭ 6 -7 letters; 0.30 -0.35 log CS) and least repeatable for patients with late AMD (CR ϭ 8 letters; 0.40 log CS). There also appeared to be increased variability at the moderate range of CS loss (15-25 letters; 0.5-1.25 log CS), although there were only a few patients in this range of CS scores. It is difficult to draw definitive conclusions from our study about the relationship between CS and repeatability in patients with AMD in view of the relatively small number of patients with poor CS scores (Ͻ15 letters). A larger sample size in the lower range of CS scores is needed to investigate this further. Sources of intersession measurement variability include variability in measurement method, change in disease state, and patient factors. As in all clinical trials, we attempted to minimize variability in measurement method by using a standardized protocol and ensuring adherence to the protocol. In addition, we adopted a letter-by-letter scoring method that has been shown to be more repeatable than the original lineby-line scoring method. To address the potential effect of subclinical disease progression on CS over an interval of 12 weeks, we measured the repeatability both for the three visits over this period and for the initial two measurements separated by 1 week. The CR scores are similar for these two test-retest intervals, and there was no significant difference in mean CS scores over the 12 weeks, suggesting little disease progression over this period. In addition, no patient with data included in the analysis was noted to have disease progression on clinical examination, fluorescein angiography, or OCT imaging. Patient factors leading to variability in measurement include patient fatigue and changes in fixation between tests. In addition, patient age and early macular dysfunction may lead to more variable CS scores in patients with early AMD than in normal young subjects. The existence of multiple and variable preferred retinal loci for fixation in late AMD 22 may contribute to the test-retest variability of CS measurement in this subgroup. This additional mechanism may underlie the trend to increased variability of scores in the late AMD subgroup, although in view of the small number of patients with late AMD included in this study, further studies are needed to explore whether these patients do indeed have greater variability in CS measurement than do patients with early AMD.
In this stable cohort of 91 patients with AMD, it is interesting to note that 7 had a change in CS of six or more CS letters when retested 1 week after the initial assessment (Table 5) . This finding and the CR of 8 letters in the late AMD subgroup suggests that it may be necessary to apply a more generous change criterion for patients with late AMD. However, in view of the small number of patients in this subgroup, further studies are needed to better define the change criterion for CS in patients with late AMD. Furthermore, a change of less than 6 (in patients with small to intermediate drusen) or 8 letters (in patients with late AMD) in the mean CS score cannot be considered clinically meaningful even if statistically significant.
The advantages of this study include the large sample size and the use of a standardized protocol in a clinical trial setting to measure CS to minimize interobserver variability. In addition, we report results using data from three visits separated by 12 weeks before reporting revised data for two measurement visits separated by 1 week only in case of disease progression over the 12-week period. We excluded patients with active CNV or with CS too poor to measure with the Pelli-Robson chart. One limitation is the fact that this study was not designed specifically as a repeatability study but used data from an ongoing clinical trial. However, this may also be viewed as a strength; although studies specifically designed to measure repeatability may achieve an extremely high degree of repeatability in researchers dedicated to this goal, the values may not be easily applied to other settings. The optometrists in this study adhered to a standardized clinical trial protocol in performing measurements but without the knowledge that the repeatability of measurements would be formally assessed. This situation better reflects a true clinical trial setting in which many measurements are taken by several observers following set protocols but often without formal assessment of intersession repeatability.
In summary, this is the first study to our knowledge to report the intersession repeatability of CS in a large cohort of patients with age-related macular degeneration in a clinical trials setting. The values obtained in this study may be used to guide future clinical trial design and provides an insight into the repeatability of CS measurement in this important group of patients.
